Abstract: Cancer cells need to acquire telomere maintenance mechanisms in order to counteract progressive telomere shortening due to multiple rounds of replication. Most human tumors maintain their telomeres expressing telomerase whereas the remaining 15%-20% utilize the alternative lengthening of telomeres (ALT) pathway. Previous studies have demonstrated that ionizing radiations (IR) are able to modulate telomere lengths and to transiently induce some of the ALT-pathway hallmarks in normal primary fibroblasts. In the present study, we investigated the telomere length modulation kinetics, telomeric DNA damage induction, and the principal hallmarks of ALT over a period of 13 days in X-ray-exposed primary cells. Our results show that X-ray-treated cells primarily display telomere shortening and telomeric damage caused by persistent IR-induced oxidative stress. After initial telomere erosion, we observed a telomere elongation that was associated to the transient activation of a homologous recombination (HR) based mechanism, sharing several features with the ALT pathway observed in cancer cells. Data indicate that telomeric damage activates telomeric HR-mediated repair in primary cells. The characterization of HR-mediated telomere repair in normal cells may contribute to the understanding of the ALT pathway and to the identification of novel strategies in the treatment of ALT-positive cancers.
Introduction
Telomeres are specialized nucleoprotein complexes that protect the ends of linear eukaryotic chromosomes from degradation, erosion, promiscuous recombinogenic events and end-to-end ligations that result in fusion with other chromosomes [1] [2] [3] . Human telomeres contain 7-20 kilobase pairs (kbp) of tandem arrays of TTAGGG repeats [4] [5] [6] bound by two specific TAAGGG DNA-binding proteins, namely repeat binding factor 1 and 2 (TRF1 and TRF2, respectively) [7] . These are essential to maintain functional telomeres, and together with RAP1, TIN2, TPP1, and POT1 constitute the Shelterin complex. TRF2, in particular, has been implicated in the formation of a telomeric higher order structure, the t-loop [8, 9] .
The role of the Shelterin complex and the t-loop is to conceal chromosome ends from DNA repair machinery that might recognize them as DNA double strand breaks (DSBs). However, the suppression of DNA repair at telomeres might also become detrimental in the case of DSBs inside telomeric regions. Evidence from the literature suggest that the heterochromatic nature of telomeric chromatin [10] and/or inhibition of non-homologous end-joining (NHEJ) by TRF2 [11] [12] [13] reduce DNA DSBs repair efficiency in telomeres [14, 15] . Moreover, as recently shown, telomere repair mechanisms may also be affected by the replicative state of the cell [16] . 2 of 20 Due to their guanine-rich DNA sequences, telomeres are highly prone to oxidative attacks induced by a number of DNA damaging agents [15, 17] , and emerging data indicate that homologous recombination (HR)-mediated processes may be primarily responsible for their repair. Interestingly, a subset of cancer cells activates the telomerase-independent alternative lengthening of telomere (ALT) pathway. ALT is a HR-based pathway for exchange and/or synthesis of telomeric DNA [18, 19] . This involves the invasion of the resected 3 DNAs at DNA lesions or collapsed replication forks within duplex telomeric DNA on sister chromatids or other chromosomes. This primes homology directed repair mechanisms that repair damaged telomeric DNA and initiate DNA synthesis, yielding to a net gain in telomere length.
Well-known hallmarks of ALT activation include heterogeneous telomere length [20, 21] , a high level of telomere-sister chromatid exchanges (T-SCEs) [18] , extrachromosomal telomeric repeats DNA (ECTRs) [22, 23] , and a specialized telomeric nuclear structure called ALT-associated PML (promyelocytic leukemia protein) bodies (APBs) [24] . It has been demonstrated that different factors could be responsible for ALT activation. Somatic mutations in the genes encoding for the α-thalassemia/mental retardation syndrome X-linked proteins (ATRX) and the death domain-associated protein (DAXX) chromatin remodeling complex (that modulates chromatin changes including telomeric chromatin during the S-phase) [25] , together with H3.3 histone mutations, appear to be highly related to ALT-positive tumors [26] [27] [28] [29] . Moreover, it was demonstrated that depletion of the gene encoding the anti-silencing factor 1 (ASF1), a histone chaperone that assists in the transfer of H3.1-H4 or H3.3-H4 histone dimers for nucleosome assembly [30] , can lead to the manifestation of all phenotypes consistent with the activation of telomere maintenance by the ALT pathway, including APBs, ECTRs, T-SCEs and telomere length heterogeneity [31] . The defective chromatin assembly triggered by ASF1 depletion could impact the transmission of epigenetic histone modification [32] , activating other genes related to ALT [31] . These data provide a biological role for a specific chromatin organization in ALT cells. In fact, it has been speculated that alterations in such chromatin factors may create a chromatin environment that is more permissive to HR activities that are normally repressed. Furthermore, several findings have indicated that ALT telomeres are prone to replication stress and that DSBs (induced or caused by replication forks collapse) can give rise to a break-induced telomere synthesis, leading to inter-or intra-telomeric recombination via HR, and so to telomere elongation [33, 34] . Indeed, there are several studies that highlight a link between ALT pathway activation and telomere damage. For example, it has been shown that mortal cells, telomerase-or ALT-positive cells could respectively show [16, 31, 35] or enhance [33, 36] an ALT phenotype after telomeric damage induction, demonstrating a simultaneous and reduced localization of signaling proteins of the DNA damage response (DDR) at telomeres [16] . Finally, studies indicated that IR transiently induced some of the ALT hallmarks in somatic normal cells [37] to cope with DNA damage [16] .
In this work, we exposed human foreskin fetal fibroblasts (HFFF2) to X-rays and evaluated telomere length modulation, DNA damage, and the frequency of ALT hallmarks over a period of 10 days.
Our results showed that X-ray-treated cells displayed telomere shortening and telomeric damage caused by ionizing radiation-induced persistent oxidative stress (OS). After initial telomere erosion we observed a telomere elongation that was associated to the transient activation of a HR-based mechanism, sharing several features with the ALT pathway observed in cancer cells. Data provided strongly indicate that IR-dependent telomeric damage activates telomeric HR-mediated repair in normal primary cells. The implications of these results are discussed.
Materials and Methods

Cell Culture
HFFF2 cell line (ECACC, Salisbury, UK) was cultured in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, 100 µg/mL streptomycin, and 2 mM l-glutamine (Euroclone, Milan, Italy). Cells were grown in a 95% air, 5% CO 2 atmosphere at 37 • C. In these conditions, the cell doubling time, Td, as determined from the growth curves, was 24 ± 1 h.
Irradiation Procedure
For X-ray irradiation, cells were seeded in plates at least 48 h before treatment and irradiated at room temperature (RT) using a Gilardoni apparatus (250 kV, 6 mA, dose-rate 0.53 Gy/min). Unless otherwise indicated cells were irradiated with a dose of 4 Gy, then were trypsinized and seeded at the request density in fresh medium. Cells not irradiated were used as control in all the experiments and were trypsinized and seeded at the request density as irradiated cells.
Long-Term Proliferation Assessment
Irradiated and control cells were grown for 16 days with thee intermediate passages after 4, 8 , and 12 days of culture. After harvesting cells were counted using a scepter handheld automated cell counter (Millipore, Burlington, MA, USA). The cumulative population doubling level (cPDL) after 4, 8, 12, and 16 days after X-rays treatment was calculated as the summation of PDs calculated with the formula: PDs = log2(N f /N 0 ) where N f is the final cell number and N 0 is the initial number of seeded cells, in our case 100,000 cells per 25 cm 3 . The experiment was repeated two times.
Growth Curves
After irradiation, cells were seeded at the density of 10 5 cells; every 24 h cells were detached and counted with a Scepter handheld automated cell counter (Millipore) up to 168 h. Doubling time was determined as slope of the straight region of the growth fitted function. Results were obtained from four independent experiments.
Flow Cytometry
For cell cycle analysis 1 × 10 6 cells for each sample was washed twice with PBS, fixed dropwise with ice-cold ethanol (70%) and rehydrated with PBS. DNA staining was performed by incubating cells for 30 min at 37 • C in PBS containing 0.18 mg/mL propidium iodide (PI) and 0.4 mg/mL DNase-free RNase (type 1-A) (Sigma Aldrich, St. Louis, MO, USA). Samples were acquired with a Cytoflex (Beckman Coulter, Brea, CA, USA) equipped with a 488 nm laser source. Cell cycle analysis was performed using a Cytexpert v2.0 software. Doublets discrimination and exclusion were performed by an electronic gate on FL3-Area vs. FL3-Height. Each analysis was performed by acquiring 10,000 events/sample. Results were obtained from two independent experiments.
Collection of Chromosome Spreads
Chromosome spreads were obtained following 30 min incubation in Calyculin-A (30 µM; Wako Chemicals, Japan). Only G 2 condensed chromosomes have been scored in cytogenetic analysis. Prematurely condensed chromosomes (PCC) were collected by a standard procedure consisting of treatment with hypotonic solution (75 mM KCl) for 28 min at 37 • C, followed by fixation in freshly prepared Carnoy solution (3:1 v/v methanol/acetic acid). Cells were then seeded onto slides and utilized for cytogenetic analysis.
Telomeric Quantitative FISH (Q-FISH)
The Telomeric Quantitative FISH (Q-FISH) technique was performed as previously described by [37] . Images were captured with the M-search module of Metafer software (MetaSystems, Milan, Italy) at 63× magnification using an Axio Imager Z1 microscope (Zeiss, Jena, Germany) equipped with a Cool Cube 1 (CCD) camera (MetaSystems). Telomere size analysis was performed with the ISIS software (MetaSystems) that calculates telomere lengths as the ratio between the total telomere fluorescence (T) and the fluorescence of the centromeres of the two chromosomes (C), which is used as the internal reference in each metaphase spread analyzed and expressed as percentage (T/C%). At least 10 metaphases were analyzed for each sample in at least three independent experiments.
Intracellular Reactive Oxygen Species (ROS) Determination
Cells were seeded at the density of 4 × 10 3 inside 96-multiwell plates. Culture medium was discarded and a new medium containing 10 µM dichlorofluorescein 2 -7 -diacetate (DCFH-DA) (Sigma Aldrich) was added. Samples were incubated for 30 min in the dark, to allow the probe uptake. Cells were washed twice with PBS buffer and recovered for 30 min in the dark before analysis. DCFH-DA diffusion into cells was allowed by acetyl groups, while deacetylation by intracellular esterase activity prevented the DCFH exit from cells [38] . Emission analyses were performed by the automatic plate reader Victor 3V (Perkin Elmer, Waltham, MA, USA) and Wallac 1420 software. Excitation and emission wavelengths were set at 498 nm and 530 nm. The fluorescence intensity data obtained have been normalized for the cell number using Hoechst 33,342 at 350 nm as excitation and 461 nm as emission. To assess ROS content variations after X-ray exposure, cells were irradiated and analyzed at different times. For each sample analysis was repeated three times in at least two independent experiments.
N-acetylcysteine (NAC) Administration
ROS content variations were valuated even after N-acetylcysteine (NAC, Sigma Aldrich) antioxidant molecule administration. NAC was administrated 30 min prior and every 24 h after irradiations at the final concentration of 2 mM.
Telomere Dysfunction-Induced Foci (TIFs) Co-Immuno Staining
Cells were fixed with 4% paraformaldehyde (Sigma Aldrich), permeabilized with 0.2% Triton-X and blocked in PBS/BSA 1%. Samples were then co-immunostained over night at 4 • C, using a rabbit telomeric protein TRF1 antibody (Santa Cruz Biotechnology, Dallas, TX, USA) in combination with mouse yH2AX (Millipore) or a mouse 53BP1 antibody (Millipore). After washes in PBS/BSA1% samples were incubated with the secondary antibodies (anti-mouse Alexa 546 and anti-rabbit Alexa 488, respectively, Invitrogen, Carlsbad, CA, USA). Finally, slides were counterstained with DAPI and analyzed with fluorescence microscopy using an Axio-Imager Z1 microscope (Zeiss) equipped with the Metacyte module of the Metafer automated capture software and a CCD camera (MetaSystems). The frequency of foci and colocalization dots per cell were scored in 100 nuclei in at least two independent experiments.
Real Time Quantitative-Telomerase Repeat Amplification Protocol Assay (RTQ-TRAP)
Telomerase activity (TA) was measured by the SYBR green RTQ-TRAP assay, which was conducted as described elsewhere [39] with minor modifications. Briefly, the reaction was performed with protein extracts (1 × 10 3 cells), 0.1 µg of telomerase primer TS, and 0.05 µg of anchored return primer ACX, in 25 µL of SYBR Green PCR Master Mix (Biorad, Hercules, CA, USA). The primer sequences were those reported by Kim and Wu (Kim and Wu, 1997). The reaction was performed using the Agilent AriaMx real-time PCR system (Agilent Technologies, Santa Clara, CA, USA), samples were incubated for 20 min at 25 • C and amplified in 35 PCR cycles with 30 s at 95 • C and 90 s at 60 • C (two step PCR). The threshold cycle values (Ct) were determined from semi-log amplification plots (log increase in fluorescence as a function of cycle number) and compared with standard curves generated from serial dilutions of telomerase-positive (tel+) U251MG cell extracts. HFFF2 heat-treated cells sample was obtained by boiling protein extract at 85 • C for 10 min. Telomerase activity was expressed relative to the telomerase-positive (tel+) sample. Each sample was analyzed in triplicate in at least two independent experiments. At different times after irradiation, cells were fixed for 20 min with 4% paraformaldehyde (Sigma Aldrich) in PBS at 4 • C, permeabilized with 0.2% Triton X-100 in PBS and blocked with PBS/BSA 1%. Cells were incubated with a rabbit polyclonal antibody against PML (H-238:sc5621, Santa Cruz Biotechnology) or a mouse mono-clonal anti-RPA2 antibody (Abcam, Cambridge, UK) overnight at 4 • C. After washing cells were incubated with Alexa 488 anti-rabbit antibody for PML or Alexa 488 anti-mouse antibody for RPA2 (Invitrogen). After immunostaining, telomeric FISH was performed as described above. Images were captured with fluorescence microscopy using an Axio-Imager Z1 microscope (Zeiss) equipped with the Metacyte module of the Metafer automated capture software and a CCD camera (MetaSystems). For PML analysis, a cell was considered positive when it showed at least three PML/telomere co-localization events. At least 50 nuclei in two independent experiments for PML and RPA2 were analyzed to identify events of possible co-localization.
Chromosome Orientation-FISH (CO-FISH) Analysis
After irradiation, cells were treated with 5 -bromo-2 -deoxyuridine (BrdU, Sigma Aldrich) at a final concentration of 2.5 × 10 −5 M at 37 • C for 24 h to allowed to replicate their DNA once. Chromosome spreads were prepared as described above. CO-FISH was performed as described previously [40] first using a (TTAGGG)3 probe labeled with FITC and then using a (CCCTAA)3 probe labeled with Cy3 (Panagene, Daejeon, South Korea). Images were captured with the M-search module of the Metafer software (MetaSystems) at 63× magnification using an Axio-Imager Z1 microscope (Zeiss) equipped with a CCD camera (MetaSystems) and analyzed by ISIS software (MetaSystems). T-SCEs were scored only when the double signals were visible with both the Cy3 and FITC probes. Experiments were repeated at least two times and 1000 chromosomes were analyzed for each sample.
Whole Cell Extracts and Western Blotting
Cells were harvested with trypsin, quickly washed in PBS, counted with a Scepter handheld automated cell counter (Millipore) and directly lysed in LDS sample buffer (Life Technologies, Carlsbad, CA, USA) at 10 4 cells per µL. Proteins were gently homogenized using a 25-gauge syringe, denatured for 10 min at 70 • C and resolved by SDS-Page electrophoresis, transferred to nitrocellulose, blocked in 5% skim milk for 20 min and probed with the following primary antibodies: RAD51 (Santa Cruz, #sc-8349), ATRX (Santa Cruz, #sc-7152) and RPA2 (Abcam,#ab2175). HRP-linked anti-rabbit or anti-mouse (Amersham Pharmacia Biotech, Milano, Italy) secondary antibodies were used, and the HPR signal was visualized with Supersignal ECL substrate (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's instructions.
Chromatin Immunoprecipitation (ChIP) Assay and Telomere Dot-Blot
ChIP analysis was performed as previously described [41] . Briefly, 4 × 10 6 cells were used for each experimental point. Chromatin fragments were incubated, overnight at 4 • C on a rotating platform with different antibodies: H3 (Abcam), H3K9me3 (Millipore), H4 (Abcam), H4K20me3 (Millipore) and the preimmune serum (Jackson Immuno Research Laboratories, Inc. Baltimore Pike, PA, USA). DNA was then recovered by phenol-chloroform extraction and ethanol precipitation, slot-blotted into a Hybond N + membrane (Amersham Pharmacia Biotech) and hybridized with a telomeric probe (kindly provided by M. Blasco, Spanish National Cancer Research Centre-CNIO) obtained from a plasmid containing 1.6 kb of TTAGGG repeats labelled with α-32P. The signal was quantified using the ImageJ software. For total DNA samples, aliquots corresponding to a 1:10 dilution of the amount of lysate used in the immunoprecipitations were processed along with the rest of the samples during the crosslink reversal step. Data were normalized on the telomeric H3 and H4 signal, respectively. We represented the ChIP values as a percentage of the total input telomeric DNA, thus correcting for differences in the number of telomere repeats [42] . Experiments were performed at least two times.
Statistical Analysis
We performed the student's t-test for the analysis of telomere length and for the density of telomeric marks in ChIP; we performed the one-way ANOVA test with Tukey's post-test for the analysis of TIFs and APBs, for the analysis of telomeric signals in CO-FISH and for the analysis of the proteins. Significance was accepted for value p < 0.05.
Results
X-ray Irradiation Affects HFFF2 Proliferation.
Cell proliferation analysis in response to X-irradiation was performed by short-and long-term cell growth experiments. Figure 1A shows short-term growth curves for X-ray-and control samples as evaluated in the first 168 h. As expected, data showed that X-rays were able to significantly affect cells proliferation, reducing cell growth by 70% at 96 h. Long-term (up to 16 days) growth curves allowed us to calculate cumulative population doubling level (cPDL) of irradiated and unirradiated cells ( Figure 1B ). Data indicated that irradiated cells continue to growth after irradiation even if, as expected, with a slower proliferation rate than sham irradiated samples (slope values are 0.54 ± 0.02 cPDL/time and 0.09 ± 0.01 cPDL/time for control and irradiated samples, respectively). 
X-Rays Induced Telomere Length Modulation Depends on the Level of IR-Induced OS
We have previously shown that ionizing radiations can modulate telomere length over-time [37, [43] [44] [45] . To characterize telomere length modulation after X-rays, we performed a detailed time-course analysis of telomere lengths (3-13 days) by centromere-calibrated Q-FISH (Figure 2A ). Interestingly, we saw significant telomere length modulation displaying a complex pattern of periodic telomere shortening and lengthening over-time (Figure 2A ,B). Shortly (three days) after the X-rays, we observed significant telomere erosion as shown by reduction of the fraction of longer telomeres and the increase of shorter telomeres. At day 4, a significant telomere lengthening Cell cycle analysis was performed in order to further characterize short-and long-term (1-8 days) X-rays effect on cell proliferation. Data showed that, in control cells, S phase decreased (and G 1 slightly increased) over-time as cell progressively reached confluency. On the other hand, first two days after 
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We have previously shown that ionizing radiations can modulate telomere length over-time [37, [43] [44] [45] . To characterize telomere length modulation after X-rays, we performed a detailed time-course analysis of telomere lengths (3-13 days) by centromere-calibrated Q-FISH (Figure 2A) . Interestingly, we saw significant telomere length modulation displaying a complex pattern of periodic telomere shortening and lengthening over-time (Figure 2A,B) . Shortly (three days) after the X-rays, we observed significant telomere erosion as shown by reduction of the fraction of longer telomeres and the increase of shorter telomeres. At day 4, a significant telomere lengthening (reduction of shorter telomere frequency and increase of longer telomere frequency) was observed, with telomere erosion at day 6 and once again lengthening that was stable between day 7 and day 13 ( Figure 2C ). This modulation of telomere length observed was consistent and statistically significant, suggesting the activation of a specific process that caused telomere length fluctuation over-time in the first 13 days after X-irradiation. In particular, our data indicated that after days 3 and 6, in which extensive telomere shortening occurs, a process was activated in order to reestablish normal telomere length. In addition, the heterogeneity of telomere lengths, evaluated through the calculation of variance (σ 2 ) for each distribution plotted in Figure 2B , strongly increases at days 4, 7, 8, 10, and 13, and decreases at days 3 and 6 ( Figure 2C ). Telomeres are preferential targets for OS [46, 47] . In order to determine if X-rays-induced OS may be the trigger of telomere length modulation observed ( Figure 3A) we performed quantitative DCFH-DA measurement in the first 13 days after irradiation. Data in Figure 3B show that X-rays induced the maximum OS level after three days and subsequently OS decreased until day 8 when DCFH-DA values were similar to those detected in untreated controls ( Figure 3B ). In order to confirm the role of the IR-induced OS in the promotion of the telomere length modulation observed Telomeres are preferential targets for OS [46, 47] . In order to determine if X-rays-induced OS may be the trigger of telomere length modulation observed ( Figure 3A) we performed quantitative DCFH-DA measurement in the first 13 days after irradiation. Data in Figure 3B show that X-rays induced the maximum OS level after three days and subsequently OS decreased until day 8 when DCFH-DA values were similar to those detected in untreated controls ( Figure 3B ). In order to confirm the role of the IR-induced OS in the promotion of the telomere length modulation observed we performed experiments in the presence of the NAC, a well-known scavenger of ROS ( Figure 3A) . As shown in Figure 3B , NAC strongly reduced IR-induced DCFH-DA oxidation and hence fluorescence emission. Interestingly, telomere length modulation after X-ray exposure was not observed when cells were pretreated with NAC ( Figure 3C ), suggesting that oxidative damage is the major trigger of the telomere length modulation observed. 
X-Ray-Induced Telomere Damage is Strictly Correlated to Telomere Shortening
To test if telomere erosion observed resulted in telomere dysfunction, we monitored the accumulation of telomere dysfunction induced foci (TIFs) by co-immunostaining with antibodies against TRF1 and two different DNA damage markers (53BP1 and yH2AX) ( Figure 4A,C) .
For both the DNA damage markers, it appeared that X-rays induced significant telomere damage after three and six days from exposure, whereas values comparable to the untreated controls were observed at days 4, 8, and 10 ( Figure 4B,D) .
Interestingly, TIFs (from both TRF1-53BP1 and TRF1-yH2AX staining) appeared in association with telomere erosion at days 3 and 6 ( Figure 4E ). Indeed, the higher frequency of short telomeres corresponds to higher telomere damage observed whereas lower frequency of short telomeres is related to a lower yield of telomeric damage ( Figure 4E ). 
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To test if telomere erosion observed resulted in telomere dysfunction, we monitored the accumulation of telomere dysfunction induced foci (TIFs) by co-immunostaining with antibodies against TRF1 and two different DNA damage markers (53BP1 and yH2AX) ( Figure 4A,C) . 
IR-Induced Telomere Length Modulation is not Dependent on Telomerase Reactivation in Fibroblasts
To evaluate if telomere elongation observed at different times (3, 8 and 13 days) after X-ray treatment may be due to a telomerase-dependent mechanism, RTQ-PCR TRAP assay was performed to assess TA ( Figure 5) . A telomerase-positive glioma cell line (U251MG) was used as positive control and a heat-treated sample from HFFF2 cell line was used as negative control. The results did not show any change of TA in HFFF2 samples, excluding the participation of telomerase in the IR-induced telomere length modulation and pointing to a telomerase-independent mechanism. (E) The graph shows the data obtained from TIF analysis (red and white bars for 53BP1 and γH2AX, respectively) and the fraction of telomere shorter than 10 T/C% (blue line). * p < 0.05; ** p < 0.01; *** p < 0.001 by one-way ANOVA test with Tukey's post-test.
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To evaluate if telomere elongation observed at different times (3, 8 and 13 days) after X-ray treatment may be due to a telomerase-dependent mechanism, RTQ-PCR TRAP assay was performed to assess TA ( Figure 5) . A telomerase-positive glioma cell line (U251MG) was used as positive control and a heat-treated sample from HFFF2 cell line was used as negative control. The results did not show any change of TA in HFFF2 samples, excluding the participation of telomerase in the IR-induced telomere length modulation and pointing to a telomerase-independent mechanism. 
Induction of APBs and TSCE in Response to X-rays Irradiation
To date, ALT is the only telomerase-independent telomere length maintenance mechanism. In order to evaluate the possible involvement of an ALT-like mechanism in response to telomeric damage induced by IR, we evaluated the presence of two largely accepted ALT hallmarks that are APBs and the T-SCEs. In particular, in Figure 6 are reported the data from immunoFISH experiments using antibodies against the PML or the RPA2 proteins in combination with a telomeric PNA probe ( Figure 6A and B). For both, there was an increase in telomere colocalization dots per cells at 4, 8, 10 and 13 days after exposure to IR ( Figure 6C ). Basal colocalization frequencies in controls were about 0.08 and 0.06 dots/cell considering PML-telo and RPA2-telo experiments, respectively. Four days following X-ray irradiation, the number of co-localizations increased to 0.25 and 0.13 before returning to basal levels at day 6 (0.10 and 0.04). However, from day 8 to 13, colocalization frequencies increased again with values between 0.2 and 0.24 for PML-telo and 0.12 and 0.16 for RPA2-telo experiments ( Figure 6C) .
Next, we performed CO-FISH experiments in samples exposed to IR in order to determine the presence of telomere recombination ( Figure 6D ). CO-FISH analysis indicated a significant induction of T-SCEs after 4, 10 and 13 days after IR exposure. Basal levels of T-SCEs were 0.5 per 100 chromosomes which increased to 0.85 at four days following IR exposure. As reported for APBs, after a first induction observed at 4 days, we saw a return to basal values (at day 6 and 8) followed by another increase between day 10 and 13 (frequencies comprised 0.8 and 1.0) ( Figure 6E ). Taken together, these data suggest the involvement of a telomere recombination process in response to telomeric damage induced by IR in HFFF2 human primary fibroblasts. 
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IR-Dependent Induction of Homologous Recombination Proteins RAD51 and RPA2 was Coupled to the Suppression of the Chromatin-Remodeling Factor ATRX
To gain further insights into the IR-induced telomeric HR-mediated mechanism observed, we analyzed proteins that are modulated in cancer cells that activate ALT telomere maintenance. Interestingly, the expression of both RAD51 and RPA2, two well-known HR proteins, were significantly induced by IR from day 4 until days 8 and 10, respectively ( Figure 7A ). At day 8, the maximum increase of both proteins, 3.5-fold increase for RAD51 and a two-fold increase for RPA2, was observed ( Figure 7B,C) .
This increase in RAD51 and RPA2 correlated with a strong IR-dependent reduction of the remodeling factor ATRX ( Figure 7A ). Time course analysis of ATRX protein levels indicated that a 
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To gain further insights into the IR-induced telomeric HR-mediated mechanism observed, we analyzed proteins that are modulated in cancer cells that activate ALT telomere maintenance. Interestingly, the expression of both RAD51 and RPA2, two well-known HR proteins, were significantly induced by IR from day 4 until days 8 and 10, respectively ( Figure 7A ). At day 8, the maximum increase of both proteins, 3.5-fold increase for RAD51 and a two-fold increase for RPA2, was observed ( Figure 7B ,C). significant reduction of ATRX was observed after 4 days (about 60% reduction) and subsequently, ATRX levels remained reduced until day 10 ( Figure 7D ). To further confirm this IR induced changes in ATRX levels, we assessed how different doses of IR could affect ATRX ( Figure 7E) . Data indicated that a dose of X-rays greater than 4 Gy was sufficient to reduced ATRX protein levels. A reduction was also observed at 2 Gy but data was not significant (Figure 7F ). This increase in RAD51 and RPA2 correlated with a strong IR-dependent reduction of the remodeling factor ATRX ( Figure 7A ). Time course analysis of ATRX protein levels indicated that a significant reduction of ATRX was observed after 4 days (about 60% reduction) and subsequently, ATRX levels remained reduced until day 10 ( Figure 7D ). To further confirm this IR induced changes in ATRX levels, we assessed how different doses of IR could affect ATRX ( Figure 7E ). Data indicated that a dose of X-rays greater than 4 Gy was sufficient to reduced ATRX protein levels. A reduction was also observed at 2 Gy but data was not significant ( Figure 7F ).
Reduction of Telomeric Histone Modification Mark in Correspondence to Telomeric HR Activation
Considering recent data about the correlation between ATRX and epigenetic changes in ALT cells [48] , and taking into account our observation about the modulation of ATRX in response to IR, we performed the ChIP assay, specifically at telomeres (Figure 8) . In order to investigate the telomeric chromatin status four days after X-ray irradiation, at which telomere modulation and ALT hallmarks (APBs and TSCE) are evident, we chose to monitor two characteristics of telomeric heterochromatin: H3K9me3 and H4K20me3. The quantification of immunoprecipitated telomeric DNA with H3K9me3 and H4K20me3 modifications was performed after normalization to the telomeric H3 and H4 signal respectively ( Figure 8A,B) . The results obtained showed a significant reduction for both H3K9me3 (from 83.57% in the control sample to 28.1% in 4 Gy-irradiated sample) and H4K20me3 (from 56.6% to 14% respectively) ( Figure 8C ). 
Discussion
The role of the ALT pathway in normal cells has been recently debated and new evidences indicate that HR-mediated telomere maintenance/repair may not be exclusive to cancer cells [37, 49, 50] . Indeed, in yeast short telomeres can stimulate telomere recombination, perhaps due to the loss of telomere capping [51] as well as normal primary murine cells harboring very short telomeres [49] . In addition, it has been proposed that cycling human fibroblasts are able to repair telomeric DSBs by HR and that siRNA mediated or chemical inhibition of RAD51 impairs telomeric recombination [16] . In accordance with previous published data [37] , the present work reports that exposure to X-rays can induce telomere length changes and telomere recombination in human primary fibroblasts. This correlated with the transient appearance of features considered hallmarks of ALT cancer cells. A detailed Q-FISH analysis indicated that after exposure to X-rays, mean telomere lengths change in a time-dependent manner, with two consecutive rounds of telomere shortening followed by telomere elongations. Interestingly, the analysis of short (or long) telomere 
The role of the ALT pathway in normal cells has been recently debated and new evidences indicate that HR-mediated telomere maintenance/repair may not be exclusive to cancer cells [37, 49, 50] . Indeed, in yeast short telomeres can stimulate telomere recombination, perhaps due to the loss of telomere capping [51] as well as normal primary murine cells harboring very short telomeres [49] . In addition, it has been proposed that cycling human fibroblasts are able to repair telomeric DSBs by HR and that siRNA mediated or chemical inhibition of RAD51 impairs telomeric recombination [16] . In accordance with previous published data [37] , the present work reports that exposure to X-rays can induce telomere length changes and telomere recombination in human primary fibroblasts. This correlated with the transient appearance of features considered hallmarks of ALT cancer cells. A detailed Q-FISH analysis indicated that after exposure to X-rays, mean telomere lengths change in a time-dependent manner, with two consecutive rounds of telomere shortening followed by telomere elongations. Interestingly, the analysis of short (or long) telomere fractions allowed us to appreciate telomere length variations that are suggestive of a rapid process that alters telomere maintenance mechanisms and is probably activated in response to telomeric damage. Indeed, IR is a kind of genotoxic stress capable to induce DSBs in a stochastic manner throughout the genome. The possibility that IR directly induces a subset of lesions in telomeric DNA is very questionable due to the negligible fraction of telomeric DNA in comparison to genomic DNA (0.02%), however some authors proposed that while most DNA damage is repaired, telomeres resist repair and the fraction of persisting DDR foci at telomeres progressively increases over time [52] . Nonetheless, it is well known that ionizing radiation, such as X-rays, principally induce DSBs through an (OS-mediated) indirect mechanism [53] . Several papers in the literature indicated that OS specifically target G-rich regions such as telomeres [54] , determining the occurrence of 8-oxo-Guanine (8-oxoG) that in turn increases the rate of stalling of replication forks at telomeres [41, 55] . Remarkably, the measurement of the OS was significantly higher in samples exposed to 4Gy of X-rays than in mock-irradiated controls and persisted until day 5 after irradiation. This is in agreement with reported data from earlier studies using normal and immortalized human fibroblasts [56] [57] [58] and suggests that IR-induced OS may represent the trigger of telomeric damage observed in the first days after treatment. To confirm this hypothesis, we showed that the pretreatment of IR-exposed fibroblasts with the ROS-scavenging agent NAC, a well-known radioprotective compound, reduced oxidative stress to control levels and totally abrogated telomere lengths variations, strongly suggesting that IR induces telomere damage through an OS-dependent mechanism. To directly determine the capability of IR to induce DNA damage in telomeric regions, analysis of TIFs was performed after X-rays exposure. The colocalization of the telomeric protein TRF1 with γ-H2AX and 53BP1 showed that telomeric damage was induced by irradiation in agreement with previous findings in which IR (but also OS) induced telomere erosion and telomere-positive anaphase bridges or nucleoplasmic bridges [45, 54] . Notably, considering the time frame analyzed (3-13 days) our data indicated that the amount of telomeric damage was significantly higher compared to control at days 3 and 6 post-irradiation, in which we observed the highest yield of telomere shortening. In a previous study, we showed that exposure to high-linear energy transfer (LET) IR can activate a transient form of the ALT pathway in HFFF2 human primary fibroblasts [37] , indicating for the first time that IR-induced DNA damage may activate telomeric recombination. The ALT activation determined telomere lengthening and was supported by the induction of a number of ALT-associated hallmarks [37] . It is becoming increasingly evident that damage at telomeres might favor ALT activation in either telomerase-positive cancer cells or in primary cells promoting telomere recombination [49, 59, 60] . Though it is widely accepted that telomeric HR is active in ALT cells, the precise molecular basis for this predisposition is unclear. It might be due to loss of ATRX expression that fundamentally alters chromatin assembly due the absence of its chromatin remodeling activity. Indeed, we do observe a strong reduction in ATRX expression following x-ray irradiation. Another possibility is that the binding of shelterin constituents like TRF2 is transiently disrupted in response to X-rays [41, 61, 62] . In addition, there is evidence that as telomeres elongate beyond normal limits the binding of TRF1 and TRF2 become diluted [48] . This has the dual consequences of altering telomere protection and also creates potential binding sites for other DNA binding factors (e.g., Orphan Nuclear Receptor proteins and TZAP). In this respect, it is sensitive to speculate that DNA damage at telomeres may preferentially activate HR-mediated repair due to both its intrinsic nature of tandem repeated sequence and also to the strong downregulation of NHEJ by TRF2 [12] . ATM damage signaling by ATM is primarily repressed at telomeres by TRF2 [63, 64] and in general DSB repair at telomeres is normally repressed by the action of shelterin proteins such as TRF2 and POT1. In particular, NHEJ is strongly inhibited due to the very deleterious outcome of telomeric rejoining and consequent chromosome end-to-end fusions [65] . Less is known about HR repression that seems to rely (at least in part) on ATRX inhibition of RPA loading at telomeres [66] and on ATRX-DAXX ability to maintain compact chromatin status at telomeres. Indeed, reintroducing ATRX into ALT cells suppresses T-SCEs, APBs, c-circles formation, and inter-chromosomal telomeric recombination [29, 67] , indicating that HR permissive environment may depend on alteration of chromatin status [65] . In this regard, the transient activation of an ALT-like pathway in response to IR may be interpreted as a DNA damage response of the cell to telomere damage in accordance with recent evidence demonstrating that also normal cells, such as fibroblasts, activate telomeric HR-mediated repair to cope with telomere damage as demonstrated by the induction of some specific ALT hallmarks such as telomere-clustering and T-SCEs [16] .
To confirm whether transient ALT/telomeric HR-repair is involved in the processing of X-rays-induced DNA damage at telomeres, we checked some of the hallmarks used to define ALT in cancer cells such as TSCE and colocalization of PML (or RPA2) with telomeric DNA. We found that T-SCE frequency and both PML and RPA2 colocalization with telomeric DNA increased shortly after telomere erosion/damage (within 24 h from telomere erosion, and in particular at day 4 and day 8).
Remarkably, the time-course analysis allowed us to observe a dampened oscillatory behavior for all the endpoints evaluated. Initially we observed telomere shortening and DNA damage at telomeres that activate telomeric recombination, as shown by colocalization of PML and telomere and T-SCE induction, leading to fast telomere lengthening. After that, a second round of telomere shortening and damage was observed, probably determined by the persistence of oxidative stress. Telomeric damage activated again telomeric recombination and telomere lengthening, inducing another round of DNA damage and response at telomeres, although with a lower amplitude than the first one.
Our data strongly point out the activation of a recombination mediated telomeric repair pathway (that shares features with the ALT pathway) in response to IR-induced OS. This is consistent with a previous published study in which we demonstrated the activation of telomere recombination in response to chronic exposure to H 2 O 2 [68] .
Other than telomeric recombination and localization of telomeric DNA in the PML bodies, also telomere proteins involved in HR (and upregulated in ALT) such as RAD51 and RPA2 were strongly modulated. Previously published papers revealed that RAD51 was upregulated in response to IR in the first hours after irradiations in glioma cells [69] and low dose gamma-irradiation induce RAD51 expression through increased oxidative stress, histone deacetylation and reduction of miR-193b-3p [70] . Our data point in the same direction indicating a RAD51 increase starting from day 4 after IR when we also observed levels of OS higher than those of sham-irradiated controls. Also RPA2 was increased starting for day 4 after IR supporting the activation of HR. Interestingly, also ATRX, a chromatin remodeling factor strongly downregulated in ALT cancer cells [26, 27] , was modulated in response to IR. As far as we know, only a study performed on human esophageal cancer cells has highlighted an IR-dependent modulation of ATRX [71] shortly after irradiation. Interestingly, our data indicated that ATRX was downregulated starting from day 4 and at least till day 10 at which protein levels remained significantly lower than those of sham-irradiated controls. Moreover, to further confirm the IR-dependent modulation of ATRX we also performed a dose-response experiment at day 4 after IR. Data showed an appreciable reduction of the protein level in response to 2 Gy and significant reduction was found starting from 4 Gy of X-rays. Doses higher than 4 Gy did not seem to further reduce ATRX protein level. ATRX downregulation is very often seen in ALT cancer cells, and current knowledge indicates that ATRX depletion may be linked to epigenetic changes (such as the reduction of the trimethylated form of both H3K9 and H4K20) in telomeric regions that favor chromatin relaxation and thus the onset of HR [48] . According to this view, at day 4 after irradiation we found a significant reduction of both H3K9 and H4K20 trimethylated forms, indicating that, besides the reduction of ATRX, epigenetic changes occur in order to favor DNA repair mechanisms but, specifically at telomeres, this may be an additional feature that facilitates the onset of HR mediated repair and telomere length modulation observed. ATRX governs also the cell cycle dependent regulation of the telomeric non-coding RNA TERRA and its reduction determines the persistent high level of TERRA in G2/M phase and the increase of RPA at telomeres [66] . Interestingly, TERRA can also be induced by DNA damage in a p53-dependent manner [72] . This is consistent with the idea that relaxation of telomeric DNA makes it more accessible to DNA modifying proteins, nucleases [73, 74] and other enzymes required for efficient HR. In a similar manner, torsional stress is relieved when DSBs are induced in chromosomal DNA [75, 76] as in the case of IR-exposed samples. We hypothesize that IR determines the activation of a transient ALT-like pathway triggered by telomeric DNA damage in a contest of chromatin relaxation with the aim to repair lesions in telomeric DNA, determining the rapid increase of telomere length, especially at very short telomeres. Remarkably, the process repeats until DNA damage was sustained at telomeres with a dampened oscillatory behavior.
Altogether, these data indicated for the first time that IR-induced damage at telomeres activates telomeric recombination as telomeric DNA damage response and that the process may be sustained if telomeric DNA damage persists, contributing to clarify the role of HR-mediated repair at telomeres and highlight the strong similarities between such repair mechanism and ALT. Our work, and recent evidence coming from the literature, point to the physiological, transient activation of HR-based DNA damage repair at telomeres, sharing several features with ALT as it is characterized in cancer cells. Defining the differences between a transient stress-induced telomeric repair pathway based on HR and the ALT observed in cancer cells is not easy, and the latter may probably be considered as a completely deregulated and over functioning form of the former. Nonetheless, we firmly think that the characterization of HR-mediated telomere repair in normal human primary cells may contribute to the understanding of ALT, and may facilitate the identification of ALT-specific proteins in the light of a future therapeutic targeting of this telomere maintenance mechanism. 
